In this study titanium dioxide nanotube (TNT) arrays were prepared by an anodic oxidation process with post-calcination. The morphology and structure of the TNT films were studied by FESEM, XRD, and XPS. Photocatalytic activity of the TNT films was evaluated in terms of the degradation of 2,3-dichlorophenol in aqueous solution under UV light irradiation. The effects of the nanotube structure including tube length and tube wall thickness, and crystallinity on the photocatalytic activity were investigated in details. The results showed that the large specific surface area, high pore volume, thin tube wall, and optimal tube length would be important factors to achieve the good performance of TNT films. Moreover, the TNT films calcined at 500 o C for 1 h with the higher degree of crystallinity exhibited the higher photocatalytic activity than other TNT films calcined at 300 o C and 800 o C. Consequently, these results indicate that the optimization of TiO 2 nanotube structures is critical to achieve the high performance of photocatalytic reaction.
Introduction
Photoactive semiconductor, titanium dioxide (TiO 2 ), has attracted great attention owing to their potential applications in the areas of electronics, optics, catalysis, biotemplating, and gas-sensing materials [1] [2] [3] [4] . Many researches have proven that multidimensional TiO 2 has the higher photochemical reactivity than that of bulk TiO 2 particles [5] [6] [7] . Advances in the nanoscale technology facilitated the synthesis of highly-ordered and multidimensional structured materials.
In recent years, considerable efforts have been focused on new techniques for synthesizing titania with a unique nanoarchitecture consisting of vertically-oriented, immobilized, highly-ordered and high-aspect ratio nanotubes such as hydrothermal treatment [8, 9] , template synthesis [10] , and anodic oxidation [11] . Kasuga et al. [8] used a hydrothermal process for treatment of titania particles in NaOH solution at 110 °C and then washed with water and hydrochloric acid to form titania nanotubes. They reported that this washing procedure was critical in the formation of titania nanotubes. However, Du et al. [9] claimed that the resulting nanotubes were not TiO 2 but rather H 2 Ti 3 O 7 . Among the various synthetic methods, the template method has been demonstrated to be effective to produce TiO 2 with a hollow structure. In which the TiO 2 nanoparticles were either deposited within the preformed tubular templates such as porous polymer latex and anodic aluminum oxide [10, 12] by the sol-gel, electrochemical deposition or electrospinning methods to form one-dimensional TiO 2 hollow structures. However, these methods either are complicated due to the use of templates or involve some rigorous chemical processes. Alternatively, the anodization process could be a more simple technique to synthesize the highly-ordered TiO 2 nanotubes. Zwilling et al. in 1999 [11] first reported the anodization of titanium for an important surface treatment in chromic acid solution with and without hydrofluoric acid addition. Grimes and his group in 2001 synthesized the uniform and highlyordered TiO 2 nanotube arrays by anodic oxidation of a pure titanium sheet in an aqueous electrolyte containing 0.5 to 3.5 wt% hydrofluoric acid [13] and reported the influence of electrolyte composition, pH, and reaction temperature on the formation of TiO 2 nanotubes [14] .
They have successfully employed these well aligned TiO 2 nanotubes in the application of hydrogen sensor and water photocleavage [15, 16] .
TiO 2 nanotubes as photocatalysts also begin to be paid significant attention in environmental applications [17, 18 ], yet to date there are only limited reports about the effect of their structures on the photocatalytic behaviors. Although Lai et al. [19] investigated the effect of crystallinity and length of TiO 2 nanotubes on the photodegradation of methylene blue in aqueous solution, but they ignored the effect of tube wall thickness on the photocatalytic ability, which might play a key role on the charge transfer and the separation of electro-hole pairs. Calcination temperature is another key parameter to determine the overall photocatalytic activity of TiO 2 catalysts. Although many reports published within last years involved the effects of calcination temperature on the photocatalytic activity of TiO 2 nanotubes, the results did not agree between each other. For example, Zhu et al. in 2004 [20] found that the as-prepared titanate nanotubes without calcination exhibited decent photocatalytic activity for the photocatalytic oxidation of sulforhodamine, but Yu et al. in 2006 [21] claimed that no any photoactivity of TiO 2 nanotubes obtained by hydrothermal technique was observed when the calcination temperature is below 300 o C.
Therefore, it is necessary to further investigate the influence of calcination temperature on the photoactivity of the anodic TiO 2 nanotubes.
The aim of this study is at detailing the photoactivity of TiO 2 nanotube films as a main function of structure factors including pore size, tube length, tube wall thickness, and crystallinity, in which 2,3-dicholophenol (2,3-DCP) was used as a model chemical and its degradation with different TiO 2 nanotube films under UV illumination was investigated in aqueous solution. From the results of this study it can be better understand the photocatalytic activity of TNT films with structural specificity and functional novelty.
Experimental

Materials
Titanium foils (140 μm thickness, 99.6% purity) were purchased from Goodfellow Cambridge
Ltd. Ammonium fluoride (NH 4 F), H 2 SO 4 , and 2,3-DCP were purchased from Aldrich Chemical
Company. Other chemicals were obtained as analytical grade reagents and used without further purification. Deionized distilled water (DDW) was used throughout the experiments.
Anodic oxidation process
A large piece of raw titanium (Ti) foil was cut into small rectangle pieces of 30 mm × 10 mm, which were ultrasonically cleaned in an acetone-ethanol solution and then washed with DDW prior to anodization. An anodic oxidation process was conducted in a dual-electrode reaction chamber, in which the cleaned Ti foil was used as the anode and a platinum (Pt) foil of the same size was applied as the cathode. Two electrodes with a distance of 2 cm were submerged into an electrolyte solution containing 0.1M NH 4 F at pH 1.5 adjusted by H 2 SO 4 and a DC electrophoresis power supply (EPS 600) was used to provide different electrical potentials between two electrodes during the anodic oxidation reaction. The resulting TiO 2 nanotubular array-films on Ti substrate were then rinsed by DDW and subsequently calcined in air at different temperatures of 300, 500 and 800 o C for 1 h, respectively.
Characterization of TiO 2 nanotube arrays
The surface morphology of the prepared samples was first examined using the field-emission scanning electron microscopy (FESEM; JSM6300, Japan). To determine the phase composition and crystal structure of the catalysts, X-ray diffraction (XRD) measurement was carried out at room temperature using a Bruker D8 Discover XRD with diffracted beam graphite monochromator at 50 kV and 40 mA (Cu Kα with λ = 1.54187 Å). Information on the chemical states of the samples was obtained from X-ray photoelectron spectroscopy (XPS, SKL-12), in which all the binding energy referencing to the C1s peak at 284.6 eV of the surface adventitious patterns were recorded.
Photocatalytic reaction experiments
A photoreaction system consists of a glass reactor with a magnetic stirrer and an 8-W medium ; prior to the photoreaction, the reaction solution was magnetically stirred in the dark for 60 min to reach adsorption/desorption equilibrium; then the reaction with stirring was irradiated by the UV light from the top vertically; during the photoreaction, samples were collected at different time intervals for analysis.
Analytical methods
The concentration of 2,3-DCP in aqueous solution was determined by HPLC (Finnigan P4000 Model), in which a reversed phase column (RESTEK Pinnacle II, C18) with a particle size of 5 m, the length of 250 mm, and an inner diameter of 4.6 mm was used and a mobile phase of acetonitrile:water:acetic acid (69:30:1, v:v) flowed at 0.8 mL minwas determined by a UV detector (UV 6000LP) at 200 nm.
Results and discussion
Morphology of TNT films
The formation of TiO 2 nanotube arrays on the surface of titanium depends on both reactions of electrochemical etching and chemical dissolution. Since the interaction between two reactions could significantly affect the morphology and structure of TNT films, it would be a key factor to influence the photocatalytic activity of catalysts. In this study aqueous 0.1M NH 4 F solution was used as an electrolyte to prepare seven TNT film samples (S1-S7) under various anodization conditions as summarized in Table 1 . A TiO 2 thin film on Ti substrate was also prepared by the sol-gel method for comparison. These as-prepared samples were then calcined at 500 C for 1 h.
The calcined final samples were first examined by FESEM and their images are shown in Fig. 1 .
It can be seen that the TiO 2 (500) film had a nonporous structure and its thickness is about 1 μm.
The SEM images of TNT films showed that the TNT-S1(500) anodized at a low voltage of 10 V for 1 h had only a few pits; the TNT-S2(500) at 15 V showed a partial porous structure; and the TNT-S3(500) at 18 V and TNT-S5(500) at 25 V had complete porous structures with wellaligned nanotube arrays. These results indicated that the formation of the well-aligned TNT arrays at the voltage of below 18 V was difficult due to weak electrochemical etching reaction and 25 V would be a sufficient electrical potential to well develop the TNT arrays on the Ti surface.
[ Table 1 ]
To study the effect of anodizing time on the structure of the nanotubes, three experiments were conducted at 25 V for different times of 0.3, 1 and 10 h. It is found that the length of TiO 2 nanotubes was significantly increased with the increased anodizing time (0.20 μm for 0.3 h, 0.31 μm for 1 h and 2.38 μm for 10 h), respectively. These results indicated that the tube length was significantly affected by anodizing time with a good agreement with the literature [14] .
Mor et al. [15] have reported that the thickness of the anodic nanotube walls can be controlled via anodization bath temperature. To obtain the TiO 2 nanotubes with different wall thickness to compare their photocatalytic activity, the TNT-S7(500) was anodized at a lower temperature of 5 o C while other TNT films were anodized at 23 o C. It was found that TNT-S7(500) had a highlydisturbed porous structure with similar nanotube length, but a thicker wall of ~50 nm compared to TNT-S5(500) (28 nm). The increased thickness of nanotube walls should be a consequence of using the lower anodization temperature. Although the formation of TiO 2 nanotubes is a result of the competition between the electrochemical etching of Ti and the chemical dissolution of TiO 2 occurring in the electrolyte solution during anodization [16] , the chemical dissolution would be a limiting factor for the growth of nanotube length and wall, depending on the solution temperature.
It is therefore believed that at low temperature the rate of the oxide dissolution reaction was more slowly than that of Ti etching, thus resulting in the formation of thicker nanotube walls.
Characteristics of TNT films
One XRD pattern of Ti foil and four XRD patterns of TNT-S5 annealed at different temperatures from 300 to 800 °C are shown in Fig. 2 with previous reports [23, 24] . According to the equation fr = 1.26Ir/(Ia + 1.26Ir) [25] , the mass fraction of rutile (fr) in this sample was calculated by measuring the intensity of the strongest (110) and (101) diffraction peaks of rutile (Ir) and anatase (Ia), respectively to be ca. 52%. At 800 °C (pattern 5), the diffraction peak of anatase (101) disappeared completely and the rutile peak (110) became very strong. It is reasonable to infer from these results that the anatase phase was transformed into rutile phase during heat-treatment at high temperature. Furthermore, the critical nanotube disintegration after calcination at 800 °C can be observed in the SEM image of Fig. 3 . It is worth mentioning that Varghese et al. [26] observed a similar morphology as that the nanotube structure completely collapsed at 880 °C leaving dense rutile crystallites.
[ Fig. 2] [ Fig. 3 ]
To study the surface composition and chemical states of the obtained nanotubes, the TNT-S5(500) was also analyzed by XPS and its XPS spectra are shown in Fig. 4 . The individual peaks
of O 1s at 529.5 eV and Ti 2p at 458.2 and 463.9 eV can be clearly seen in the high resolution spectra, which mean that chemical state of the sample is Ti [ Fig. 4] 
Effect of surface structures of TNT films
The photocatalytic activity of the anodized TNT films with different surface structures (TNT-S1(500), TNT-S2(500), and TNT-S5(500)) was evaluated in the photodegradation of 2,3-DCP in aqueous solution under UV light irradiation and the TiO 2 film with a same area of 3 cm and TNT-S1(500) had k = 3.3 × 10 -3 min -1 . This enhancement of photoactivity can be attributed to the difference of surface structures between the ordinary TiO 2 film and anodic TNT films. The TiO 2 (500) thin film had a nonporous and tight solid structure with low specific surface area and poor charge mobility (see Fig. 1 ), thus resulting in the low activity. In contrast, larger specific surface area of anodic TNT films allow more aqueous reactants to be adsorbed onto the outer and also inner surfaces of the photocatalysts, while the higher pore volume results in a faster diffusion of various aqueous species during the photocatalytic reaction. All these factors contributed to the enhancement of photocatalytic activity. However, it should be noted that the factors resulting in the high photoactivity were strongly dependent upon the pore size and nanotubular structure of TNT films. As shown in Fig. 1 , TNT-S1(500) had only a few pits and was not a porous structure;
TNT-S2(500) showed a partial porous structure; and TNT-S5(500) had a complete porous structure with well-aligned nanotube arrays. These hollow and well-aligned nanotube arrays can produce a higher special surface area and favor the charge mobility, thus achieving the higher photoactivity. If it is believed that the degree of perfect tube-like structure benefits to form the large surface area and high pore volume, the well-aligned nanotubular structure of TNT-S5 (500) is positively favorable to the highest photocatalytic activity as compared to other anodic samples.
[ Fig. 5] 
Effect of the length of TiO 2 nanotubes
To evaluate the effect of TiO 2 nanotube length on its photocatalytic activity, the degradation of aqueous 2,3-DCP solution in the presence of TNT samples (TNT-S3(500), TNT-S5(500), and TNT-S6(500)) was carried out under UV light irradiation. These TNT films had similar nanotube wall thickness, but different nanotube lengths (~0.31 μm for TNT-S3(500) and TNT-S5(500), and ~2.38 μm for TNT-S6(500)). Also, the calcined TiO 2 film was used for comparison and the experimental results are shown in Fig. 6 . As the mentioned above, the TiO 2 (500) film showed the lowest photocatalytic activity due to its nonporous solid structures and low specific surface area, while TNT-S3(500), TNT-S5(500), and TNT-S6(500) demonstrated the higher photocatalytic activity, which can be attributed to the combination of several factors including the large surface area, hollow interior wall, and porous structures. Considering the similar nanotubular structure and approximate wall thickness of three samples (TNT-S3(500), TNT-S5(500), and TNT-S6(500)), the surface area of these TNT films depends on the tube length and should play an important role in enhancing the photocatalytic activity of TNT films.
It can be noted that TNT-S3(500) and TNT-S5(500) with the similar nanotube length of ~0.31
μm exhibited a similar degree of 2,3-DCP degradation (90% and 93%, respectively), which were higher than that (81.2%) of TNT-S6(500) with the longer nanotubes of 2.38 μm. The fact that the photoactivity declined with the longer nanotubes may be attributed to the limited depth of incident photon penetration through the nanotubes and the diffusion of reactant inside nanotubes [27] . It is generally believed that both the absorption of the incident photons and adsorption of 2,3-DCP by the TNT films should increase with the increasing of tube length, which are beneficial to achieve a greater photocatalytic degradation rate. However, the light intensity usually attenuates as it penetrates into the solid photocatalyst film. If the length of nanotubes is longer than the effective depth of light penetration, the lower part of nanotubes has a difficulty to well absorb UV light. It means that amount of absorbed incident photons by the TNT films will not further increase when the tube length exceeds a certain range. Actually, the existence of the optimal thickness of TiO 2 films for degrading organic pollutants in water [28] also demonstrated the limitation of the UV light penetration. In this study, the length of nanotubes corresponds to the thickness of films mentioned in previous literature [27, 29] . On the other hand, the diffusion of species controlling reactions takes place not only on the outer surface of TiO 2 nanotubes but also on the inner walls due to the capillarity structure. Under a stirring condition, the external diffusion may be improved, but the internal diffusion within the nanotubes is hardly affected.
Therefore, the longer nanotubes have a slower internal diffusion for reactants, which is detrimental to the reaction rate.
[ Fig. 6] 
Effect of the wall thickness of TiO 2 nanotubes
As we know, the large surface area of the nanoporous film can enhance the adsorption of pollutants in aqueous solution and also enables light harvesting with a higher amount of photogenerated charge. Electron transport from the interband states or excitants to the surface is a limiting factor in the performance of these porous nanocrystallines, and the trapping of electrons to the surface is extremely dependent on the crystal size [30] . Therefore, it is very valuable to investigate the effect of wall thickness of TiO 2 nanotubes on the photocatalytic activity. However, the reported data related to the effect of nanotube wall thickness on the photocatalytic activity are quite limited. TNT-S5(500) and TNT-S7(500)), which had the similar nanotube length of ~0.31 μm but different nanotube wall thickness (~30 nm for TNT-S3(500), ~28 nm for TNT-S5(500), and ~50 nm for TNT-S7(500)). In this set of experiments, due to the well-aligned tube-like structures, TNT-S3(500), TNT-S5(500), and TNT-S7(500) showed the higher activity as compared with TiO 2 (500) thin film. Among them TNT-S5(500) achieved the highest 2,3-DCP removal of up to 93% after 300 min UV illumination, which is about 2.6 times of that by the TiO 2 (500) thin film.
However, TNT-S7(500) achieved the degradation of 2,3-DCP by 78.5% only during the same period. The results showed that the TNT films with the thinner nanotube wall achieved the higher removal of 2,3-DCP after 300 min UV illumination in an order of TNT-S5(500) > TNT-S3(500) > TNT-S7(500). It may be understood that when TiO 2 semiconductor is irradiated, electrons and holes are generated, but always recombine immediately. If the electrons and holes created do not recombine rapidly, they need to be either trapped in some metastable states or migrate to the semiconductor surface separately. As the thickness become smaller, the surface states increase rapidly, thus, reducing the nonradiative surface recombination [31] . In other words, the thinner wall is easier for the excited electrons migrate from bulk to surface and provides more accessible carriers trapped on catalyst surface for the photocatalysis thus, enhancing the photocatalytic efficiency. Comparing the affecting factors of nanotube wall thickness and length, it seems that the wall thickness is a more important parameter influencing the overall photocatalytic efficiency of the 2,3-DCP decomposition reaction than the tube length.
[ Fig. 7] 
Effect of the calcination temperature
The photocatalytic activity of the TiO 2 nanotubes after calcination at different temperatures was evaluated in terms of 2,3-DCP photodegradation in aqueous solutions. Fig. 8 shows that the 2,3-DCP decay rate is strongly dependent on the calcination temperatures. It can be seen that the TNT film without calcination had very poor photocatalytic activity due to the amorphous structure. When calcined at 300 o C, however, the TNT film showed a certain degree of photocatalytic activity with a kinetic rate constant (k) of ca. 2.5 × 10
, which resulted from a low degree of crystallization of anatase phase [32] . This result is different from the report by Yu et al.
[ 21] , in which they found that the titanate nanotubes formed by hydrothermal method, below the calcination temperature of 300 only. The decline of the photocatalytic activity for the TNT film calcined at the higher temperatures could be explained by the loss of anatase phase (see the XRD pattern in Fig. 2 ) together with severe nanotube disintegration (see the SEM images in Fig. 3 ). It is worth noting that when Qamar et al. [33] investigated the influence of calcination temperature (from 300 to 900 o C) on the photocatalytic activity of titanate nanotubes, they also found that the as-prepared nanotubes calcined at 400-500 o C showed the best activity for the degradation of the dye followed by a decrease at higher temperatures, which is in good agreement with our result.
[ Fig. 8] 
Conclusions
In this study different TiO 2 nanotube arrays were prepared by the constant-potential anodization successfully. XRD and XPS spectra of TNT-S5(500) confirmed that the anodic nanotubes contained TiO 2 only without incorporation of any electrolyte elements such as N, F, and S. All the anodic TNT films exhibited the better photocatalytic activity for 2,3-DCP degradation in aqueous solution than that of the traditional TiO 2 film prepared by the sol-gel method and an optimal annealing temperature was found to be at 500 TNT-S3(500) with thin tube wall TNT-S5(500) with thin tube wall TNT-S7(500) with thick tube wall
